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BENDING AND FOCUSING EFFECTS IN AN FEI. OSCILLATOR
11 ‘NUMERICAL SIHJLATIONS‘

B. D. 14cVey and R. H. Ilarren
Los Alamos Nattonal Laboratory

Los Alanm, NM 87545 USA

ABSTRACT

Bending and focusing of the opttcal beam by the electron beam Is
Investigated for an FEL oscillator conf!guratlon. Numerical
calculations are performed with the s!mulatlon code, FELEX. ,

INTRODUCTION

The free-electron laser interaction results In both a gain and a phase shift

the optical fleld[ll. In an FELosclllator, the phase shift manifests Itself

bend!ng and focusing of the optical beam relat!ve to the optical axis.

Bending and focus!ng effects are the topic of this paper. As discussed In part

I of this work[21, (hereafter referred to as 1), bending and tilt of the optical

beam were observed experimentally In the Los Alamos FEL experlment[21. The

observations were made when there was a misalignment between the electron beam

and the optical beam ax!s. This suggested the electron beam had a prism effect

on the optical beam. These phy$!cs conslderat!ons also pred!cted a focus!ng of

the optical beam when there was allgnment with the electron beam. The electron

beam was both a gain media and could be nmdelled as a lens. lie investigate

these models in more detail by using the FEL oscillator s!mulatlon code

FELEX[31. In section II, we evaluate the effective Index of refraction of the

@lectron beam, and d!scuss lts characteristics. In section III, we observe

bending and focusing effects In a s~ * FEL oscillator %Ith=’

++hmw~ Los Alamos ERX experiment. In sect!on -IV, we$ar4meW

discuss our results,

“Nork performed under the auspices of the U, S. Department of Energy and
supported by the Department of Defense U, S, Army Strategic Defense Comnand.



II. THE EFFECTIVE REFRACTIVE INDEX

In th!s and
%

the following section, we present results from it”

three-dimensional FEL $Imulatlon code, FELEX. The code has be; described In

detail elsewhere[71. Relevant to the topic of this paper, the simulation code

models the self-consistent InteractIon between the electron beam and the optical

field. At the end of the wiggler, the optical f!eld Is then propagated through

a resonant cavity back to the wiggler entrance where the FEL !nteractlon 1s

re!nltlated. The optical properties of the electron beam can be characterized

by a complex refractive lndex[41,
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where J Is the current density, aw

the optical field strength and phase.

(1)

(2)

m e Bw/(mc2 ~), E. and ~. are

K. is optical wave numb~r, and Fu is

the difference of Bessel functions. The energy of the electron IS ~cz and

the phase of the electron In the opt!cal wave 1s ~, The brackets !nd!cate an

average over the electron d!strlbutlon. A few observations can be made from the

refractive Index formula, Both the qaln (~1) and the additional phase sh!ft

(rIr) are dependent upon bunching of the electron beam (non-zero valves for.

the s!n and cosine terms). Examples of the evolution of this electron bunching

process along the length of the ii!ggler ~s seen In Figures la and lb, Figures

la and lb are for the small signal regime, I,n = 107w/cm2, and for the

SaturatQd regime, - ~olow,cm2
*ln

A) saturation, the ga!n (n,) IS
)

much lower, G = 2,5 percent, compared to G - 100 percmt for Figure 3a. For

both signal levels, the average value of nr 1s approximately the same but

the varlatlon, or electron bunching along the length of the wiggler Is quite



differ.nt. Further the rad!al varlatlon of nr IS quite different for the

tuoslgnal levels. The gain and refractive properties of the electron beam are

seen to be non~inear funct!ons of the optical field strength,

He first estimate the magnitude of the bending &nd focusing by performing

single pass slmulatlons, and observing ‘the bend and focusing in the output

optical wave. The electron beam and optical beam parameters are llsted In Table

1. The electron beam profila Is assumed to be Guasslan, and the width of the

electron beam Is approximately one half the width of the Guasslan optical mode.

The waist of the !nltlal opt!cal mode was assumed to be at the center of the

wtggler. For an allgned system, the effective focal strength of the electron

beam may be estimated from the curvature of the optical beam In the far field.

The curvature was found to be less than the vacuum propagation case, Indlcat!ng

that the waist moved from the center toward the end of the wiggler. For the

electron beam p~rameters of Table I, the effective focal length of the lens at

the center of the wlg Ier was 1140 cm.
r. L J,44 s-4 ,(PJ .

Next)the axis of the Inltlal optical beam was translated a distance -y from
AcJ .

the electron beam axfs. The resultant bend angle fi(I) of the optical beam Is

plotted \n Fig 2a as a function of by. The bend angl. increases almost

llnearly with displacement and then saturates when the displacement equals the

radius of the electron beam The bend angle IS larger than would be predicted

from a lens of the focal strangth calculated for the allgned case. The reason

for this !s Illustrated In F~g 2b where radial proftles of ~r-l are plotted

for three displacements of the optical beam, The refractive Indeti or bending

power 1s dep~ndent upon the Iocatlon of center of the optical field, The

refractive Index tends to follow but lag behind the dlsplacem~nt of the optical

beam. The effective ions that models the electron beam ~s clearly a non~~lnear

medium.

III. FfL OSCILLATOR SIMULATIONS -

In this scct!on, we descr!be simulation re’suits tor an FEL oscillator with

parameters sunrnarlzed In Table 1. Computer runs were mad~ to simulate th?



start-up of the FEL oscillator from the small signal regime to the saturated

state. For the parameters of Table 1, the signal r ched saturation in about 50

1passes a~d the electron beam was turned off, afte 120 passes. The optical
~

signal t’hen freely decayed.

~

Three sets of s!mula Ions were performed. The

first two Illustrate the bend!ng or refractive prope tjles of the electron beam

and the last the focus!ng power of the beam. In the fjrst set, the optical axis

was translated from the electron beam axis, and In T0second set, the electron

beam current was

final set was a

electron beam and

varied for a fixed optical axis

11

Ijplacement of .6 mn. The

var!atfon of electron beam curre t; for a perfectly allgned

opt!cal axis.

The walking

the simulations

d~agnostics, of

optical beam on

mode osc!llatlons (descr!bed In par
‘i I

~) are read!ly observed In

for a misaligned system.

!

The OSC1l ~tlons are observed In most

which F!gure 3 is typ!cal. In F! u~e 3 the centro!d of the

the right mirror !s plotted as a fu ~t!on of pass number. Mhen

the electron beam IS turned off (pass number = 121), e opt!cal beam oscillates

about the optical ax!s w!th a character!stlc frequen
,

consistent with the ray

tracing analysls of ~1’~ Both tilt and and centr acemefit are larger

!n the small signal regime (before pass number 30) e saturated regime

(pass numbers 60-120). The oscillations In the sma regime are due to

the fact that the ln!tlal starting condlt!ons of th field (Hhlch match

the empty cavity solutlon) are not an equll!brlum when the electron

beam Is present. .

Figures 4a and 4b plot th. bend and tilt angles d In F!gure 2 of

- [I)as a function of the displacement of the op F!gure 4a 1s for

the small signal regime, and Figure 4b !s for the saturated state. An Immed!ate

observation IS that the bend angles are comparable, but the tilt angles are

quite d!fferent for the two signal levels. lie attribute the larger t!lt in the

small signal regime to h!gher ga!n (-100 percent) cmpared to a qa!n of 2.5

percent at saturation. This Is also Illustrated In the refractive Index plots

of Figures la and lb. For displacements of the opt!cal ax!s greater than ,6 mm



higher order optical modes (TEM4i) develop,

tVO ptaks. Generation of higher order modes

and the optical field solution has

Is observed when the optfcal axis

d!sp’

note

*qua’

Fig.

acement Is comparable to the size (l/e point) of the electron beam. He

that a simulation for .6 IMI optical axis displacement with nr-l set

to %ro showed a tilt angle of appr oxlmately one half of the value In

4 and a bend angle of zero.

Figures 5a and Sb illustrate the bend and tilt angles as a funct!on of

electron beam

small signal

gain, however

current for a fixed optical axis displacement of .6 nun. In the

regime, 5a, the tilt angle Increases along with an Increase In

the bend angle remains nearly constant and then decreases. At

saturation, 5b, the bend angle Increases with current and the t~lt angle rema!ns

nearly constant. For currents greater than 250 A, the optical f~eld \s unstable

to higher order mode generation.

In the last set of slmulatlons, we Investigate focui!ng of the electron be~m

for a perfectly all~ned system. Breathing mode oscillations are observed in the

simulations as seen !n Figure 6. The width of the optical beam on the right

mirror 1s seen to oscillate at tulce the frequency of the walklng mode of Figure

3. The optical mode s!ze In the presence of the electron beam IS smaller than

the empty cav!ty case which is Ind!cat!ve of focus!ng of the electron beam, An

cstlmate of the focal power of the electron beam observed In the slmul~t!ons can

be made by compar~n~ the rad!us of curvature, of th. beamon pass 120 to that on

pass 121. The comparl~on Is made In the far flcld and

with the electron b~am pr@sent. The estimate places

the geometric center of the resonant cav!ty which Is

pass 120 fs the last pass

a lens of focal power f at

th. waist of the optical

beam. The dlfferenc~ In far f!gld curvatures with an without the lens tS equal

to the change !n the, poslt!on of the optical waist, L = R,2, - R,20. From

Gauss!an opt!cs, L ~ Z~/fU so we obta!n the formula for the focal power

of the lens.

~2
f.

*
(3)



.
Figure 7 Illustrates

as defined by Eq. 3 as

the effective focal strength, ~, of the electron beam

a funct!on of current for small signal and for saturation

where the gain 1s fixed a: 2.5 percerit. It Is observed that the focal length

tends to flatten out at larger currents and, for small signal, approaches the

stablllty I!mlt. Th!s flattening IS probably due to an number of
LL &o#id a~~

?s+ . The refractive lnde~synchrotrons osclllations~as the current 1s lncreas d

oscillates as in

osc!llatlon.

IV. DISCUSSION OF

In the context

I), wa have shown

underlying physics

Figure 3b which was at 150 A and shows one synchrotrons

RESULTS

of numerical simulat~ons and corroborated by experiment (~

that an electron beam can bend and focus an optical beam. The

Involved IS ldentlcal to that of optical guiding by an

elongated high current electron beam[4,51. The bend!ng angle !s toward the

electron beam axis lndlcat!ng a gu!d!ng effect. In an FEL oscillator, the

gu!dlng of the electron beam IS balancea by the requirement that the opt!cal

beam be allgned with the optical axis. In the slmulatlons, we have ob served

an !nstablllty boundary for the TEWI. mode. For a given current, an !ncreas!ng

displacement of the opt!cal axis wI1l gene~tw the TEMo1 mode. For a g!ven

mlsallgnment, hlgh~r currents wII1 be unstabl~ to higher order mode generation.

The boundaries are !nd!cated In Figures 4 an~ S, a:)d at even h!gher currents

(1OOOA) the displacement

parameter space for the

confocal resonators,

boundary Is moved In to .3 mm. The bounded volume of

TEMoo rn~de wI1l prrtiably d@crease tn concentric and

and we have observed & decr~ase when the output

coupllng !s Increased above the 2.5 percent assumpd here.
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TABLE I

Electron beam: y = 42.55, I = 150A, c = 6.3 X 10-4 cm-rad

ry(o)
= .8 nun, ‘/uI, (0) = l.OnmI, ‘X (Lw/2) = 1.4nnn

Hlggler:

Optical:

uniform, Lw = 100 cm, Xw = 2.73 cm

Bw= 3000 G

X = 10 pm, Zr =50cm, Wo= 1.2nMn,

w (Lw/2) = 1.8 mrn

Optical Cavity: stablllty factor = .93

mirror poslt!ons: Z, - -351.9 cm, 22 = 339.93 cm

mirror curvatures: R1 = R2 = 3s3 cm



Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig, 6

Fig. 7

FIGURE CAPTIONS

Refriict~ve Index along the wiggler axis, a) sma’
signal.

1 slgniil, b) large

a) Bend angle as a function of oDtlcai axis d!SD]aCWMIt, b) refractive
index varlitlon for three dlsolacements of the optical axis.

Opt!cal centrold on the right hand mirror during start-up and decay
(walklng mode oscillation) of the FELosclllator.

For the oscillator, bend and tilt angles as a funct~on of optical axis
displacement for I = 150A, a) small signal b) large signal.

For the oscillator, bend and tilt angles as a function of electron
current for Ay = .61wn, a) small signal, b) large signal.

Optical width on the right hand mirror during start-up and decay
(breathing nwde osc!llatlon) of the FEL oscillator.

1+
Focusing power. of the electron beam for an allgned system at
small s!gnal and s$tu;atlon.
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